Board-level interconnection reliability of lead-free area array packages with various reworkable polymeric reinforcement materials by Shi Hongbin
1 
 
早稲田大学大学院情報生産システム研究科 
 
 
 
 
博 士 論 文 概 要 
 
 
 
 
 
 
 
 
論  文  題  目  
 
Bo ard - Le ve l  Inte rc onne ct i on  
Re l i ab i l i t y  o f  Le ad - Fr ee  Are a  
Arr ay  Pack ages  wi t h  Var io us  
Rewo rkabl e  Po l yme r i c  
Re inf orc eme nt  M at er i a l s  
 
 
 
 
 
申  請  者 
 
Hongbin SHI 
 
 
 
情報生産システム工学専攻 
センシングシステム研究 
 
 
 
2012 年  12 月  
2 
The  e lect roni cs  industry  has rea l iz ed the advantages  o f  t rans it ion ing  
f rom t radit iona l  p in  through ho le  and surfa ce  mount  per iphera l  leaded  
packages to a rea  a rray  packages (A APs) because AAPs prov ide  a  reduced  
form fa ctor ,  low thermal  res is tance ,  e lect r ic  res i s tance and inductance  o f  
interconnect ions  bet ween packages  and pr inted  c ircu it  boards  (PCBs) .  
However ,  the  poor  compl iance  o f  the  so lder  ba l ls  makes  the  AAP s more  
suscept ib le  t o  ear ly  wear -out  than  leaded packages .  Moreover ,  t rans it ion  to  
lead- free  (LF) so lders  in  e lect ronic  p ackag ing has  aggravated the s i tua t ion  
as they  a re  more  prone to b r i t t le  fa i lures  under  h igh st ra in  ra te dynami c  
loading  compared to  the  t in - lead  (S n-Pb )  eutect ic  so lde r .  To  improve  the  
drop  performance  o f  LF  AAP s,  var ious  po lymeric  a pproaches  for  
s t rengthening  the  board- leve l  interco nnect ion  have been deve loped,  e .g .  fu l l  
capi l la ry  f low  underf i l l  (FCFU) ,  part ia l  capi l la ry  f low  underf i l l  (PCFU ) ,  
and no - f low  underf i l l .  However ,  these  approache s  have  the ir  own  inherent  
d isadvantages ,  inc luding  poor  rewor kab i l i ty ,  h igh  mater ia l  cost  and long  
process ing  t ime .  In  th is  s tudy ,  two  new po lymeric  re in for cement  
approaches ,  edge -bond adhes ive  (EBA)  and corner -bond adhes ive  (CBA) ,  
which  can  e l iminate  the  above  d isadvantages  o f  the underf i l l s  was  
proposed .  In  addit ion ,  e f fect s  o f  these  two  new approaches  on  the  re l iab i l i t y  
o f  LF  AAPs was  compared with  tha t  o f  FCFU and PCFU  approaches  us in g  
shear ,  bending ,  drop ,  and thermal  cyc l ing  tests .  Three  so lder  ba l l  
composit ions ,  Sn-3 .0%Ag -0 .5%Cu (SAC305 ) ,  Sn-4 .0%Ag -0 .5%Cu (SAC40 5 )  
and Sn-1 .2%Ag -0 .5%Cu-0.05%Ni (SA C125Ni) ,  three package  types ,  ch i p  
sca le  package (CSP) ,  package on  pack age  (PoP )  and f l ip  ch i p  ba l l  g r id  a rray  
(FCBGA) ,  and two PCB surface f in i s hes ,  o rganic  so l derab i l i ty  preserva t i ve  
(OSP )  and e lect ro less  n icke l  immers ion  go ld   (ENIG ) ,  were  
cons idered.   Fa i lure  ana lys is  was  performed to revea l  the typica l  fa i lur e  
modes for  d i f fe rent  test  g roups .  Meanwhile ,  3D  f in i te  e lement  mode ls  were  
crea ted to  better  understand the  fa i lure  mechanism and to predi ct  th e  
fat igue  l i fe  o f  the  interconnect ion s .  The  knowledge  ga in ed f rom th is  s tud y  
wi l l  be very  use fu l  for  e lect ronics  manufacturers  to  se lect  appro pr ia te  
PRMs and for  mater ia l  suppl ie rs  t o  de s ign  next  genera t ion  PRMs.   
Chapter  1  br ie f ly  int roduce s  e lect r onic  pa ckag ing,  LF  so lders ,  PRMs ,  
mot ivat ion  and ob ject ives  o f  th is  s tudy,  and the  out l ine  o f  the  d isserta t ion .  
The  assembly  process  for  four  re in f orcement  approaches  (FCFU,  PCFU,  
EBA and CBA)  compat ib le  w ith  LF  assembly  were  deve loped in  Chapter  2 ,  
which  inc lu de s  so l der  paste  screen  pr int ing ,  re f low  so lder ing ,  qua l i ty  
inspect ion  o f  re f lowed test  boards ,  d i spensing  and cur ing  o f  the  PRMs.   
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Chapter  3  invest igat es  the  e f fect s  o f  the  forenamed four  re in forcement  
approaches on re l iab i l i ty  o f  12  mm CSPs (SAC305 + OSP) us ing  shear ,  
bending ,  drop  and thermal  cyc l ing  test s .  A  nove l  drop  test  method,  namely  
vert ica l  f ree  drop  test ,  was  deve loped in  th is  s tudy ,  which  is  advantageous  
over  the convent iona l  hor izonta l  drop  test  because  o f  lower  equipment cost ,  
shorter  t est  t ime,  and bet ter  s imula t ion  o f  the  drop  condit ions  exper ience d 
by  e lect ronics  in  rea l  use .  Two  underf i l l s ,  four  EBAs ,  and two  CBAs with  
d i f ferent  mater ia l  propert ie s  were  cons idered.  The test  result s  indi ca te  
tha t a l l  these  PRMs improve the mechanica l  per formance  o f  CSPs  compared  
to  the  contro l  g roup ,  espec ia l ly  for  d rop  re l iab i l i ty .  As  a  whole ,  the  FCFU  
prov ided the best  shear  and drop per formance  among a l l  the  re in forcement  
approaches ,  fo l lowed by  PCFU, EBA and CBA. This  was beca use  the  
bonding  a rea o f  the EBA or  CBA was too  sma l l  to  rest r ic t  the  re lat ive  
movement  between the bonded  CSP and the  PCB during the shear and dro p 
test s.  On the contrary,  the underf i l l s  coupled  the CSP and the PCB, and 
redist r ibute d  the  s t resses  over  the  e nt ire  package  ra ther  than a l low  st re ss  
concentra t ion  a t  the  so lder  j o ints .  The  bending  performance  o f  CSPs  with  
these  re in forcement  approaches  is  co mparab le .  However ,  the  character is t i c  
l i fe  va lues  o f  CSPs with  FCFU,  PCFU,  EBA,  and CBA app roaches  duri ng  
the thermal cyc l ing  test  were  shortened by 20%, 14%, 18%, and 12% 
compared to  the  contro l  g roup,  respect ive ly .  The  reworkab le  PRMs  without  
s i l i ca  f i l le r  had a  coe f f i c ient  o f  thermal  expansion  (CTE)  be low g lass  
t ransit ion  tempera ture  (Tg )  o f  about  60  ppm/° C,  which  is  much h igher  than 
tha t  o f  SAC305  so lder ,  21  ppm/° C.  There fore ,  the  thermal  fa t igue  l i fe  o f  
AAPs was  shortened due  to  the incr eased thermal  s t ress  in  so lder  j o ints  
caused  by the  CTE mismatch  between the  PRMs and so lder  j o int .  
In Chapter  4 ,  s cope o f  the s tudy is  l imited to EBA and CBA  owing to  
the ir  shorter  process  t ime ,  lower  mater ia l  cost ,  and bet ter  reworkab i l i ty  
compared  to  underf i l l s .  Three  adhes i ves  i . e . ,  edge -bond acry l ic ,  edge -bond 
epoxy ,  and corner -bond epoxy  with  d i f ferent  mater ia l  propert ies  wer e  
cons idered .  The  shear ,  bending ,  dro p  and thermal  cyc l ing  test  result s  o f  
bonded 15mm PoPs  (SAC125Ni  + OSP) show tha t a l l  the  adhes ives  improved 
the mechanica l  per formance  o f  LF  PoPs ,  espec ia l ly  the  edge -bond epoxy  
with moderate  modulus  and la rge d ispen s ing  vo lume.  Although the  
contr ibut ion  o f  adhes ives to  shear  and bend ing  st rengthening  is  no t  
s ign i f i cant  compared to  drop  re l iab i l i ty ,  they  may  be  s t rong  enough to  he lp  
e lect ronics  in  many  market  segments  meet the ir  shear  and bendin g  
requirements .  The  character is t ic  l i fe  va lues o f  bonded P oPs  with h igh -CTE 
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edge -bond acry l i c  and epoxy were  shortened by  38% and 8% compared to the  
contro l  g roup ,  respect ive ly .  However ,  t he  CBA improved the  thermal  cyc l in g  
re l iab i l i ty  by  34% s ince  the  CTE o f  th is  CBA wa s  c lose  to  tha t o f  so lder .   
Chapter  3  and 4  demonstra te that  the drop  re l iab i l i ty  o f  a s -re f lowed  
AAPs is  dramat ica l ly  improve d  by  the  PRMs .  However ,  the  drop  
performance  o f  re in for ced  AAPs a f ter  the  long - term serv ice  hasn ’ t  been  
studied .  Chapter  5  compare s  the  mechanica l  shock  performance  o f  
edge -bonded 34  mm FCBGAs (SAC405 + ENIG)  sub j ected  and not  subj ected  
to hygrothermal  ag ing  (70 ° C/90% RH for  168  hours ) .  S ix  EBAs wi th  
d i f ferent  mater ia l  propert ies  were  eva lua ted .  As-re f lowed FCBGAs with  and  
without  EBAs were  a lso  tested ,  whic h  served as the  contro l  g roups .  For  the  
non-aged gro ups ,  the EBAs increased  the  mechanica l  shock  performance  o f  
FCBGAs by  50% to  104% compared to  the  FCBGAs without  EBAs.  Although 
the mechanica l  shock  performance  o f  non -bonded FCBGAs increased by  45% 
a fter  subj ect ing to the ag ing  owing to coarsening o f  so lder  micro st ructure ,  
the  shock  performance  o f  three  edge -bonded test  g roups  decreased by  8% to  
25% compared to  the  non -aged groups  due  to  the  degraded adhes io n  
st rength  between the EBAs and the  PCBs or  the  package  substra te s.  
Chapter  6  shows the  fa i lure  ana lys is  result s  o f  fa i led  samples  in  the  
above three chapters  ob ta ined  through opt ica l microsco py ,  dye -and-pr y,  
cross -sect ion ,  SEM,  and EDX. PCB p ad cra ter ing was  the  dominant fa i lur e  
mode  for  a l l  the  test  g roups  under  shear  and bending  loading  condit ion s ,  
and the  underf i l led  CSPs in  drop  and thermal  cyc l ing  test s .  This  suggests  
tha t so lder  j o ints may not  be  the  weakest  l ink  o f  LF AAP  assembl ies ,  and  
more  e f fort  should  be  focused on  the  deve lopment  o f  PCB laminate  
mater ia ls .  A  hypothes is  o f  s t ra in - ra te -dependent  f ra cture  behav ior  for  
interconnect ions  was  proposed to  expla in  the  t ransit ion  o f  fa i lure  mode  
f rom IMC br i t t le  f ra cture  to  pad  cra ter ing  with  the appl ica t ion  o f  PRMs.  
The  3D quarter  f in i te e lement mode l  was  crea ted  in Chapter  7  to  further  
s tudy the e f fe ct s  o f  these  PRMs on re l iab i l i ty  o f  AAPs .  The f in i te  e lemen t  
ana lys is  result s  were  cons istent  w it h  those  o f  re l iab i l i ty  tests  and fa i lu re  
ana lys is .  There fore ,  the  deve loped f in i te  e lement  mode l  can  be  used to  
ca rry out  further  parametr ic  s tudies  t o  he lp  PRM se lect ion  and to  opt imize  
the  mater ia l  pro pert ies  o f  PRMs .  F ina l ly ,  a  PRM se lect ion  guide l ine  f or  
improv ing  overa l l  re l iab i l i ty  o f  e lect ronics  in  var ious  market  segments  is  
a lso  deve loped  in  terms o f  re l iab i l i ty ,  cost ,  and ease  o f  use .  
Chapter  8  concludes  the  ma in  a chie vements  o f  th is  s tudy  and g ives  a  
d iscuss ion  on  the  future  work  o f  re l ia b i l i ty  o f  LF  AAPs  with  PRMs.  
